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Preface

During the fall quarter of 1981, I cook a basic course

in low-speed aerodynamics, AE 5.35 Aerodynamics. Major

Eric J. Jumper was the instructor for the course. While

covering thin-airfoil theory, he suggested a possible thesis

project to verify theoretical predictions concerning the

flapped airfoil by collecting experimental data in the 5 Foot

Wind Tunnel. I became interested and decided to tackle the

project because it combined theory with experiment. This

thesis is the end result of that decision.

I would like to thank my thesis advisor, Major Jumper, for

his guidance and assistance throughout the project; Professor

Harold C. Larsen for sharing some of his vast knowledge and

experience with me; Mr. Jack Tiffany and Mr. Russell Murray

for their model construction and timely responses to modifi-

cations; and Mr. Wales S. Whitt and Mr. Nicholas Yardich for

their tunnel operation. Special thanks to my wife, Linda,

who is now a bona fide number cruncher and frustrated typist.

Howard J. Price, Jr.
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Abstract

This investigation compared thin-airfoil theory predict-

ions of change in zero-lift angle of a, tack divided by flap

deflection (AaLO/n) versus flap-hinge location JE) and change

in moment coefficient about the aerodynamic center divided by

flap deflection (ACmac/n) versus E to wind tunnel studies of

the same effect for a cambered airfoil. This comparison for

cambered airfoils has not been previously reported. The NACA

4412 airfoil was chosen for this study. Results of this study

show that thin-airfoil theory does predict the trend of the

data. The AcLO/n versus E prediction favorably matched the

data. The ACmac/h versus E data differed from the predictions

in a similar way to that reported for uncambered airfoils;

however, the data in this investigation showed less favorable

&greement to thin-airfoil theory than the previously reported

'results. This difference might be explained in part by the

experimental setup used in this study.

xi
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WIND TUNNEL INVESTIGATION

OF VARYING HINGED FLAPS

I Introduction

Objective

--The objective of this thesis was to compare thin-airfoil

theoretical predictions of the chan in zero-lift angle of

attack divided by flap deflection' (AaLO/n) versus flap-hinge
[ N

location (E)iand the change in moment coefficient about the

aerodynamic center ivided by flap deflection (ACmac/n)

versus E to wind-tunn I studies of the same effects for the

moderately cambered NACA 4412 airfoil.

Background

In thin-airfoil theory, the airfoil is replaced with its

mean camber line. Point vortices with a differential strength

of ydx are then distributed continuously along the mean camber

line to induce velocities which, when added vectorially to the

free-stream velocity, produce velocities tangential to the mean

camber line. Because the maximum camber is usually small in

comparison to the chord, the boundary conditions for the flow

can be satisfied on the chord instead of at the mean camber

line. This produces an induced velocity (Vin) at xo such that

V (x 1 y(x)dx
Vin(Xo) 0 -0 x- o  (1)
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at each point on the chord line. With the assumption of small

angles, the free-stream velocity's normal component to the

mean camber line (V n) is such that

Vn =V I Ia- (2)

The induced velocity must also be equal to the negative of Von

at xo if there is to be no flow through the airfoil, i.e.

Vin= -Vn So, from equations 1 and 2

I y(x)dx =V [jxo) - (3)
0x - xo

By specifying a y(x)-distribution, the shape of the mean

camber line and a to produce such a distribution can be found

or vice versa. The only restriction on the y(x)-distribution

is the Kutta condition, y(c) = 0 , which must be applied to

determine the circulation and keep Vin(c) finite so that the

flow can leave smoothly and tangentially from the trailing edge

as in - real viscous flow.

By using the transformation x = §(l - cos 6) , the relation-

ship (cos (n-l)o - cos (n+1)0]/2 = sin nO sine , the definite
7rintgra CosnOsin n'.

integral cos - cosnO o dO = e siono , and expanding y into

a fourier series of the form

y= 2V. [o(cs 8 + Ansinn (4)sinO -

the induced velocity or left hand side of equation 3 now

becomes

Vin(e) - V.Ao+ n I Ancos nO] (5)

2



Equations 3 and 5 imply that

dz
T- = (a - Ao) + iAncOsn (6)

Equation 6 has the form of the cosine series expansion of
dz dz
T-X_ For a given mean camber line d- is a known function of 0,

and therefore the values of Ao and An may be written directly

as 1 z

A 0- TOx.-J dO (7)

and

2  d cos nOdO (8)

Since the section lift(t) equals the density times the

free-stream velocity times the circulation (pv~r) where r

equals the integral of differential y distribution over the

chord [foydx] , the aerodynamic coefficient, Ct, defined as

L/ PV.c, can now be rewritten as

2 c
CL = VcJo ydx (9)

By using equation 4 for y, and carrying out the integral in

equation 9, C. can be found in terms of Ao and A, as

CL - 2wAo + wAI  (10)

Replacing Ao and A1 with their integral forms from equations

7 and 8

C - 2 [C +If d- (cose-l)d (11)

3



The angle of attack which makes the lift or the lift coef-

ficient in equation 11 equal to zero is called the angle of

zero lift, aLO. Applying the definition of MLO to equation

11 gives

: 1 dz

aL0  0 - (cos 0 - 1) do (12)

A similar development for Cmac will give

Cmac = l (cos 20 - cos 0) do (13)

(Refs 1:44-47 and 2:116-132)

Equations 12 and 13 are used in Section II to predict

influences from varying sizes of simple hinged flaps.

4



II Numerical Solution for Thin-Airfoil

Cambered Airfoils

As we saw in Section I, thin-airfoil theory produces

integral equations for Cmac and QLO. By assuming that the

camber line is made up of straight line segments, these

equations can be rewritten as follows (Ref 3:34)

-lr% -__ rad.llr+oalQ TfOd (cos 6 - 1) do n d= i(Jl s e -1) d6

(14)

and

Tr n

1f dz (cs2-d[ d~ r ei+lC mac = - (cos 2 - cos e) do if (cos 26- cos 6) dO
6 i (15)

or, after evaluating the straight line segment integrals

_1 n rdzi (sin 6. -6.)- (sin6. - 0.)aL O 
( 6

and

Cmac n rdz sin2ei+l - sin 1+ -sin 26- sin
7i~LL~i I '- (17)

These equations can be numerically integrated through the
dz

summation sign by using a digital computer as long as -,

0., and ei+ 1 can be determined for each straight line segment.

The correctness and accuracy of the above equations can

be checked by evaluating aLO and Cmac analytically and then

numerically with the computer for the same airfoil. Since

this investigation used the NACA 4412 airfoil which has its

5



camber line in functional form, both methods can be accomplish-

ed for the zero flap deflection case. The analytic solutions

as given in Appendix A yield aLO = -4.1544826° and Cmac =

-.1062391. The numerical computer solution using 400 straight

line segments yields aLO = -4.1540554° and Cmac = -.1062276.

While the computer solution is a crude, brute force method, it

gives extremely accurate results. Appendix B contains the

program from which aLO and Cmac for the 4412 were computed.

Flapped Airfoils

The influence of small flap deflections on aLO and Cmac

can also be found through computer numerical integration.

Figure la shows the coordinate system arrangement for an

arbitrarily cambered thin airfoil at an arbitrary angle of

attack under which the aLO and Cmac numerical equations hold.

By choosing any point along the cambered line as a hinge point

for a flap deflected by an amount n, the thin airfoil in Fig.

la changes to that in Fig. lb. aLO and Cmac may be computed

for the flap deflected airfoil by defining a new coordinate

system (z' and x') as shown in Fig. 1c. Before the aLO and

CmacS of the flapped and unflapped airfoils can be compared

to arrive at AaLO/n and ACmac/h for particular flap-chord

ratios, corrections, if they exist, for using the z' and x'

coordinates as the computational axes must be applied to the

new "LO and Cmac . Because aLO is an angle dependent upon the

coordinate system for itu value, the angle (W' -a) between

the coordinate systems in Fig. Ic must be subtracted from the

new or flapped airfoil OLO. No correction is necessary for

6
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z

Fig. la Coordinate system for an arbitrary airfoil
and angle of attack.

z

Fig. lb Flap arbitrarily chosen and deflected.

z tz,

I

Fig. Ic New coordinate system (x',z') to find new

aLO and Cmac .
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the new Cmac since it is related to the airfoil and not the

coordinate system. By doing this for many points along the

camber line of an NACA 4412 airfoil one can obtain the curves

in Figs. 2 and 3 depicting the influence of small flap de-

flections on aLO and Cmac* Reference Appendix B for the pro-

gram used to find the data points for Figs. 2 and 3.

Figures 2 and 3 show flap influences for a 4% cambered air-

foil. If the camber is different, then slightly different

curves will result for ACmac n versus E with the differences

for AILO/n versus E due to camber being negligible. This effect

of camber on the ACmac/n can be shown by comparing 4%, 2%, and

uncambered airfoils as in Fig. 4. In general, even the largest

difference among the cambered airfoils and uncambered airfoil

is small. The above results can be checked by comparing them

to predictions which have not been derived in a numerical man-

ner. Chow's (Ref 2:133-137) analytic derivation of AaLO/n

versus E and ACmac/n versus E for uncambered airfoils results

in exactly the same curves derived through numerical integra-

tion for uncambered airfoils, as they should be in order for

the numerical integration approach to be valid. Chow goes on

to state that because all angles are small, it is sufficient

to find the properties of an uncambered airfoil at zero angle

of attack with flap deflected and add them directly to the prop-

erties of the cambered airfoil at any angle of attack. That

statement agrees with the small differences noted between the

uncambered and cambered airfoils for ACmac/h versus E and also

serves to validate the numerical approach as explained here.

8
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III Wind Tunnel Investigation

Models

The models for wind tunnel testing were constructed by

the AFIT Model Fabrication Division. The basic components

of a test model are shown in Fig. 5. Components common to

all models were the flap deflection mechanism, the side

plates, and the rear lift bar. The airfoil component con-

sisted of two sections that varied because of changes in the

flap-hinge location. The change in flap-hinge location

thereby produced seven different models with flap-hinge

locations at 20%, 30%, 40%, 50%, 60%, 70%, and 80% of chord,

or expressed in flap-chord ratio, .2, .3, .4, .5, .6, .7, and

.8, respectively.

rear lift bar

............ o..

flap
deflection
mechanism

side plates

Fig. 5 Basic components of a fully assembled model
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The flap deflection mechanism consisted of two identical

brass plate. see Fig. 6. Holes B through G served to attach

the brass plates to cnly the flap section of the airfoil be-

ing tested. Hole A of the brass plates allowed headed screws

to be freely inserted, through both the side and brass plates,

into treaded holes in the airfoil flap section. This estab-

lished an axis of rotation about which the flap section was

moved. Holes 1 through 7 of the brass plates made it possible

to set the flap at prescribed angles of deflection when used

in conjunction with corresponding holes in the side plates.

Appendix D gives a detailed explanation of how the brass

plates were used to establish a desired flap setting.

0I

2 0

3 0 0 0 0 0 0 0 -0
4 0

G F E D C B A
6

Fig. - Brass flap deflection plate with flap
attachment holes (B-G), flap deflection
holes (1-7), and flap-hinge hole (A).

The two side plates brought all the components together

to form a fully assembled model ready for testing. The side

plates were constructed of 3/8-inch clear plexiglass with

beveled edges and rounded corners. These plates served three

13



additional functions. First, they served as end plates to

simulate two-dimensional flow. Secondly, they captured the

airflow far enough upstream of the airfoil's influence so

that the tunnel's free stream value for the dynamic pressure

could be used in the two dimensional analysis. Finally, the

light weight and transparency of the plexiglass side plates

facilitated the change from one model to another and allowed

viewing of the model during testing.

The rear lift bar was constructed from tubular aluminum

with the cross section shown in Fig. 7. This bar was

connected to the rear lift wire of the wind tunnel. The bar

design for rear lift wire attachment eliminated possible

interference problems between the deflecting flap and the

rear wire attachment mechanism. It did minimize the number

of model measurements needed to set angles of attack and/or

flap deflections. It also kept tunnel calibrations to a

minimum since only one in-tunnel calibration of a model was

required to be able to set any angle of attack and flap

deflection combination. Additionally, it eliminated any

construction or structural problems associated with having

the rear lift attachment mechanism as part of the airfoil.

While the bar eliminated many possible problems and minimized

many operational problems, it was not wholly satisfactory.

The shape of the bar as shown in Fig. 7 led to data errors

which had to be accounted for as discussed in Section IV.

The seven NACA 4412 airfoils used for the investigation

were made of solid aluminum based epoxy resin. Each airfoil

consisted of two matched but separate sections; a front

14



<6i>

c0:D
Fig. 7 Cross section of lift bar drawn to actual

size.

section that remained fixed, and a flap section which rotated

relative to the side plates and the front section. Figure 8

shows the seven airfoils and the difference in size of the

flap section among airfoils. Each front section had two

attachment fittings in the leading edge for the drag and front

lift wires. The matched airfoil sections, which formed 4412s

when put together at zero flap deflection, were made from

different one piece 4412s because of the chord distance and

front section surface lost when a flap section was cut and

shaped. Thus, a flap section of E = .6 was matched with an

appropriately shaped front section that resulted from produc-

ing a flap section with at least a flap-chord ratio of .1

less than .6. The one piece 4412s came from a mold made

from a wooden 4412 airfoil of two foot span and nine inch

chord. The mold insured that each model was the same for all

practical purposes. The similarity of models was ch6cked

through model measurement prior to testing. It was confirmed

by the excellent agreement between models for aLO and the

slope of the C1 versus a curve.

See Appendix C for detailed model geometry and measure-

ments.

15
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Wind Tunnel

The AFIT Five-Foot Wind Tunnel was used for the wind tun-

nel investigation. It is an open return, closed test section

wind tunnel with a 5 ft circular cross section as shown in

Fig. 9. The two counter rotating 12 ft fans of the wind tun-

nel are powered by four 400-horsepower direct current motors

easily capable of producing the tunnel's top empty speed of

350 mph. The speed limit prevents further cracking of the

fan blades at high power settings. The aerodynamic forces on

the models were determined by using the wind tunnel's wire

balance measuring system consisting of three springless scales

connected to the model through separate wire systems. The

wind tunnel's wire balance system was checked and aligned

prior to beginning the runs for each model.

Installation

Prior to installation in the wind tunnel, the holes in the

side plates were covered with tape on the sides facing the

tunnel wall to prevent 3-D effects and the gaps between the

front airfoil section and the flap section were sealed with

modeling clay. Each model was then carefully measured on a

surface plate using an inclinometer and a height gage. The

measurements were used to determine the angle of balance for

the wire system. The angle of balance then determined the

distances necessary for setting angles of attack for the

model. Appendix C contains a more detailed explanation of the

model geometry and calculations involved.

The model was then installed in the test section. Instal-

17
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lation was accomplished by connecting the model's attachment

fittings to plates permanently connected to the appropriate

tunnel wire system. These connections allowed the model to

rotate freely at each connection and thereby accurately trans-

mit the aerodynamic forces produced on the model to the wire

system and then to the scales for a direct measurement. The

two trunnions on the leading edge were connected to the drag

and front lift wires while the attachment fitting on the rear

lift bar was connected to the rear lift wire. Figures 10a

and 10b show a model installed in the wind tunnel.

After installing the model, the wind tunnel instruments

used to set the model at a particular angle of attack were

carefully calibrated prior to taking data. The calibration

used an inclinometer to measure accurately the model's angle

of attack with respect to the tunnel axis.

Investigation Procedure

After calibrating an installed model, it was ready for

testing. The investigation objective required that enough

data be gathered to plot both the change in zero-lift angle

of attack divided by flap deflection (AaLO/n) versus flap-

hinge location (E) and the change in the moment coefficient

about the aerodynamic center divided by flap deflection

(ACmac/h) versus E. Data for AaLO/n versus E was obtained

by first setting the flap at 00, 4o, or 80, and the taking

data for angles of attack of -6*, -40, -2*, 0° , 20, 4, 60,

80, and 10*. Data for ACmac/n versus E was obtained by hav-

ing the model set at 0* angle of attack with the flap

19



I Fig. 10a Rear view of installed model.

Fig. 10b Side view of installed model.

20



deflected at settings from 00 to 180. Overlap in gathering

the data occurred as shown in Table I since data for AaLO/n

versus E at 0 angle of attack was also used as data for

ACmac/h versus E.

A typical sequence of events used to gather data for a

model is given in Table I. A typical change from one flap

setting to another, an event in Table I, obtained data for

Acmac/h and AaLO/n and went as follows: The model's flap

setting was changed by one degree which also required re-

sealing the gaps between the fron t airfoil section and flap

section; and taping over any uncovered holes in the side

plates. Next, the model and tunnel were inspected to insure

no loose objects remained in the tunnel. The tunnel doors

were then secured, after which the tunnel operator aligned

the model and took three before-static readings. He also

ensured a current barometer and temperature reading were

taken. The tunnel air was turned on and brought up to the

testing dynamic pressure of three inches of water. The

operator adjusted the model as the airflow increased to keep

it properly aligned. With the model properly aligned and the

dynamic pressure at three inches, the operator took five wind-

on readings. The tunnel air was then turned off and the flow

allowed to go to zero. The tunnel operator again ensured the

model was aligned properly and took three after-static read-

ings. The process for an event as listed in Table I was then

complete and the tunnel could again be entered to change the

model's flap setting. Data for AMLO/n also required changes
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TABLE I

Typical event sequence and data gathered

Flap Data gathered
Sequence forof Setting Angles of attack

events in in degrees /1LO/r ACmac/q
degrees

1 0 -6,-4,-2,0,2,4,6,8,10 x x

2 1 0 x

3 2 0 x

4 3 0 x

5 4 -6,-4,-2,0,2,4,6,8,10 x x

6 5 0 x

7 6 0 x

8 7 0 x

9 8 -6,-4,-2,0,2,4,6,8,10 x x

10 9 0 x

11 10 0 x

12 11 0 x

13 12 0 x

14 13 0 x

15 15 0 x

16 16 0 x

17 17 0 x

18 18 0 x
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in angle of attack for the flap settings of 00, 40, and 8° .

The changes in angle of attack were accomplished from outside

the test section and allowed the tunnel air to remain on from

one angle of attack to another. Five wind-on readings were

taken for each angle of attack while three static readings

were taken for each angle of attack during the before-statics

and after-statics portions of the event.

Tuft studies were conducted on the .2, .4, .5, .6, and .8

E models after obtaining the force data for that individual

model. These visual studies indicated the extent of separa-

tion on the airfoil's upper surface and were used later to

eliminate data for those particular angles of attack and

flap settings which showed separation. Appendix E gives the

results of the tuft studies.

Data

The data readings for any one setting of angle of attack

and flap deflection usually consisted of three before-static

readings, five wind-on readings, and three after-static

readings, The multiple readings helped to identify bad data

and reduce scatter through averaging. Additionally, repeat

readings were taken to verify the consistency and repeatabil-

ity of the data. The static readings determined the loads

on the model when the airflow was zero while the wind-on

readings determined the loads with air flowing over the model.

Each time a reading was taken, the respective loads on

all three scales (drag, rear lift, and front lift) were

printed on separate paper tapes. The readings on each tape
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were transferred to respective tables with line entries con-

taining static and wind-on readings gathered for a particular

angle of attack and flap setting combination. An average

static value for any combination was obtained by averaging

all the static readings for that combination. An average

wind-on reading consisted of only averaging the five wind-on

readings for a particular event. In other words, any set of

five wind-on readings were averaged and treated as a separate

result from any other five wind-on readings. The aerodynamic

forces on the model for any particular combination of angle

of attack and flap setting were found by subtracting the

wind-on averages from the static averages to give drag forces,

rear lift forces, and front lift forces. Appendix F contains

the raw data (data attainable directly from the scale tapes)

obtained during the investigation for each of the seven

models.
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IV Results

Data Reduction

The data in Appendix F was first reduced to obtain lift

coefficient versus angle of attack graphs for each of the

models. The lift coefficient (CZ) for a particular angle of

attack (a), flap setting, and model was obtained by adding

the forces from the raw front lift and rear lift tables and

then dividing by the dynamic pressure times the wing span

times the chord length (qbc). Since lift data for changing

angles of attack were obtained for flap deflections of 00,

40, and 8° , this produced three CR versus a plots for each

model. Each plot intersected the a axis where the lift co-

efficient was zero, this determined the value of the zero-

lift angle of attack (aLO) for a specific flap deflection (n)

of 0° , 40, or 8° . Three changes in zero-lift angle of attack

divided by the flap deflection (AaLO/n) were then obtained by

subtracting aLO at 0Tn from aLO at 4Tn and then dividing by

40, aLO at 4Tn from aLO at 8Tn and dividing by 40, and final-

ly aLO at 0Tn from aLO at 8Tn and dividing by 80. These

values of AaLO/n were then plotted versus the value of the

flap-chord ratio (E) for the model data being reduced and

against the theoretical curve from Fig. 2. This gave Fig. 11

which compares experiment to theory for AaLO/n versus E.

The raw wind-tunnel data was also reduced to obtain the

change of moment coefficient about the aerodynamic center

divided by flap deflection (AC/n) for each model. By
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summing moments from the rear lift and front lift forces about

an assumed aerodynamic center of .245c and then dividing by

qbc 2 , the Cmac was obtained. This was done for data at zero

degrees angle of attack and varying flap deflections to ob-

tain a graph of Cmac versus n. ACmac/n was then obtained by

simply measuring the slope of the Cmac versus n line. This

value was then plotted for the particular model falp-chord

ratio against the theoretical curve in Fig. 4 to produce Fig.

12 which again compares experiment to theory.

Comparison of Experimental Data to Theoretical Predictions

Figure 11 shows the experimental data plotted with the

theoretical curve for AaLO/n versus E. Here the experimental

data compares favorably with the theoretical curve from both

a trend and numerical standpoint. However, for the small flap

deflections used, only one experimental curve was expected in-

stead of three. This seems to imply that the data could be

biased in some manner.

Figure 12 shows the experimental data plotted with the

theoretical curve for ACmac/n versus E. Here, the experiment-

al data indicates the same general trend as the theoretical

curve but the positive numbers for E = .6, .7, and .8 are not

possible unless again the data has been biased. Since it has

already been established in Section II that the theoretical

curves are, for all practical purposes, the same for cambered

and uncambered flapped airfoils, it is reasonable to assume

that the experimental data gathered for a cambered flapped

airfoil should be almost the same as the uncambered data. The
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experimental data in both Figs. 11 and 12 are overall lower

than the results given by Schlichting (Ref 4:65) for an un-

cambered airfoil with hinged flaps. This also indicates

that the data could be biased in some manner.

Corrections for the experimental data were not found.

Therefore, the experimental data presented only serves to

confirm the general trend of the theoretical predictions.
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V Conclusions and Recommendations

Conclusions

The experimental data gathered during the investigation

was biased in some manner to produce results which at best

can only be used to confirm the trend of the theoretical

predictions of the change in the zero-lift angle of attack

divided by flap deflection (AaLO/) versus the flap-hinge

location (E) and the change in the moment coefficient about

the aerodynamic center divided by flap deflection (ACmac/f)

versus E. The data can not be used to meet the thesis ob-

jective of predicting AcLO/n versus E and ACmac/h versus E

for a NACA 4412 airfoil.

While there is no direct evidence as to what was biasing 4
the experiment, there are several indirect items which point

to a major problem. That major problem would seem to be the

rear lift bar. If we assume the models were reasonable repro-

ductions of the 4412 airfoil, then, a downward force was

produced to counteract the airfoil's lift. The downward force

had to be occurring because from Ref 5 the zero-lift angle of

attack for a 4412 airfoil is approximately 3.9*, while this

investigation had a zero-lift angle of attack of approximately

2* as demonstrated from the C, versus a graphs in Appendix H.

This is a large difference which implies that something was

shifting the Ct versus a graph to the right/producing a down-

ward force. That much change could come from another lifting

surface which the rear lift bar definitely was as shown by the
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cross sectional view in Fig. 7. The rear lift bar was also

located in a position where it could be influenced by downwash

changes from changes in the amount of flap deflection. This

could account for the large changes in the slope of the C.

versus a graphs as the flap was deflected. Take for example

the model with E = .8, the slope, in units 1/radian, of the C.

versus a graph goes from 5.809 with 0Tn to 5.602 with 4q, and

to 5.204 with 80n. In other words, the amount of flap deflect-

ion changed the forces on the rear lift bar which in turn

effected the model results. The statements in this paragraph

imply that the rear lift bar was influencing/biasing the exper-

iment. Unfortunately, no way has been found to make acceptable

corrections involving the rear lift bar from the data gathered

during the investigation.

Recommendations

If the investigation is accomplished again using the same

basic airfoils and model, I would like to recommend some changes

which may prove useful. First, eliminate the rear lift bar by

modifying the airfoil to accommodate a sting for connecting the

rear lift wire to the model or by replacing the rear lift bar

with one of cylindrical shape. Both changes have inherent

problems but the rear lift bar used in this investigation is

unacceptable and must be changed or eliminated. Second, modify

the side plates to make them larger and round. Although no

evidence exists as to any effect the side plates had on the in-

vestigation, the plates are aligned into the free stream differ-

ently when the angle of attack is changing which could be
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IW
causing different forces on the plates themselves and there-

fore the model as the angle of attack changes. Third, cut

down the flap deflection mechanism so that only flap deflect-

ions of 0* to 120 can be accomplished. This provides more

than enough data points to plot and eliminates wasted effort

since the tuft studies showed that little data is gained

above 12*n before separation on the upper surface occurs. Also

round off the edges of the flap deflection mechanism and cut

down the size of the mechanism along the attachment holes so

that the mechanism disturbs the flow as little as possible.

Fourth, find someway to seal the gaps on the whole airfoil be-

sides modeling clay. The clay can never be put on the same way

twice; tape or wax might be two other possibilities. Finally,

the manner in which the investigation is conducted could be

changed to help produce successful results. The investigation

could be conducted at a higher dynamic pressure than 3 inches

of water to provide a Reynolds number of the same magnitude

that Abbott and Doenhoff had for their experiments with the

4412. This may involve changing the side plates to a different

material than plexiglass or providing stiffeners for the plex-

iglass to accommodate the increase in tunnel speed. It would

be very useful to find the drag and lift of any side plates

through wind-tunnel testing so that they can be accurately ac-

counted for during the investigation. When taking data, angle

of attack changes could be accomplished in one degree increments

and with flap deflections of 0', 2*, 4*, 6, and 8*. This

increase in data should result in more accurate curves and

32



and provide a better representation of the actual situation.

These recommendations are based on problems encountered dur-

ing this investigation and hopefully will prove useful if

the investigation is accomplished again.
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Appendix A

Analytical Solution for aLO and Cmac

Thin-airfoil theory gives aLO = -1 d- (cos e - 1) do and
IrdzT

Cmac = .0 u (cos 20 - cos 0) dO . These equations can be

analytically integrated for an NACA 4412 airfoil to give

numbers for aLO and Cmac.

The camber line of a 4 digit NACA airfoil consists of two

parabolic arcs tangent at the camber line's maximum ordinate.

The equations defining the camber line are

z m [ [x2]22p 2S - (18)

forward of maximum ordinate and

z _m - 2p) +2pS_[]2] (19)

aft of the maximum ordinate where m equals the maximum ordin-

ate of the camber line expressed as a fraction of the chord

and p equals the chord wise position of the maximum ordinate

in tenths of the chord. The 4 digit NACA airfoil numbering

system gives the values of m and p. The first digit divided

by 100 is m and the second digit divided by 10 is p. (Ref 5:

113,114)

The integral equations from Section I to be solved areItI
:0 . , d- (cos 0 - 1) do (12)
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and
'I

f dz
Cma c _= 0T (cos 26 - cos 0) dO (13)

The only other piece of information needed to accomplish the

integration is the function relating x and e which is x -
.5c(1- cos 8) .Thus, finding from equations 18 and 19

dz
and substituting for d- and x in equation 12

aLO = m ](cos e- 1) do

tj [. fa 2m2rex c(Cos 0 -1) d (20)

where 1 is the angle corresponding to the maximum ordinate.

Using the 4412 values for m and p, and substituting for x

again

aLO = [.2 - .25(1 - cos 0)] (cos e - 1) dO

+ 1co 0(cos 6 -1) d] (21)A 1 [- - o ]i-o 0-1, <,

The angle 1 corresponding to m and p can be found easily by

substituting in the value for x at the maximum ordinate into

the equation x - .5c(1- cos 0) . Thus, for the 4412, .4c =

.5c(1 - cos B) which implies that cos a = .2 and therefore

a - 1.3694384 radians. By expanding the integral and putting

the numerical value of 8 into equation 21
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1.369

LO [o [.2(cos 0 - 1) -.25(2cos e - 1 - cos 2 e)] dO

+f [97COS 1) -(2 coS o- 1 2- o d (22)
1.369 61

After integrating equation 22

-1 sin 20] 1 369aL __ 2 (sin06- e) - .5 sinO0+.250e+ .25 1.7+ 4q]0

+ (sin e- e) -sin 0+ + +13 (23)
1 1.369] (3

By putting in the limits for 9, we arrive at

= -1 (.227795) = -.0725094 radians = -4.1544826 degrees

Following the same steps as for QLO

1.369

Cmac [.2(cos 2e - cos 9) - .25(1 - cos 0)(cos 20 - cos 0] de

+f [g (cos 29 - cos 9) - (1 - cos 9) (cos 26 - cos8) d (24)

%1.369 1+

c - 2[sin 29_ sin--] .-2 -in20sin + +sin2

si e1.3 +. 8sin 0
ell

1sin26 -sin 0+ 8+ sin21 +o555556  , + Ii .+i3

(25)

Cmac V - (-.2124781) - -.1062391
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Appendix B

Computer Program

This appendix contains the listing of the computer program

used to find the theoretical predictions for zero-lift angle

of attack (cLO), moment coefficient about the aerodynamic cen-

ter (Cmac), change in aLO divided by flap deflection (AaLO/n)

versus the flap-chord ratio (E), and ACmac/11 versus E as given

in Section II. Comment cards in the program define the vari-

ables, parameters, and limitations. The program used numerical

integration to calculate the predictions.

The program did not attempt to keep computer time to a

minimum or provide a program which needed a minimal number of

segments to obtain accurate results. The objective was simply

to obtain accurate results as demonstrated by the comparison

between the analytic solution and the program solution for aLO

and Cmac at the top of page 6. It should be pointed out that

the method used in this program, the trapezoidal rule of inte-

gration, does have inherent errors and requires a relatively

large number of segments to achieve accurate results. The

accuracy could be improved and the number of segments needed

to compute an accurate solution could be reduced by using a

different numerical integration method. Since the mean camber

line of the NACA 4412 airfoil is a parabolic arc, Simpson's

Rule which uses parabolic arcs could be used to produce better

accuracy with fewer segments when compared to the results of

this program.
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3 NOV 8? POS19100 HA4QIS FO'RTPANJ 77 Sal) ODYTwPIZING CC-PTLrR 014lo-Ofi
M'ODULE NAME: *MAIN*

is PROGRAM FLAP
2: C DESIGNED BY HOWARD POICE, Atj. 0%2, THiFSTS V-t'P Of. VARYI"G sTrEn

3: C FL.AP.
41: INTEGEO ,J,'(.L ,ELETA, Ng,, PACAlifl. FolF P-PPTS. LL
5: REAL AF,AFNALO,ALO2,A3.A4,CMAC.CIOAC2,nELI ,DFL?,OELIT0V12TI'SIjV,

6: 5DX1IOXT,fZD7OX,O)ZN,f7TE,FT,F1AFC,FC1 ,FC?,?%,P,PX,P?,SA,SA~.'4SF,
7: SSL,STH,S27H,THETA,X,XC,XC 1,XFXN,X1 .'2,xl,7,7'd,Z?
62 C DIMENSIONS FOR PCINT1SFG'1Eb, PPOPECTIES flF ATRFJ)TL CA'PEPLPJF A~Nr
9: C 0 OF FLAP CHIORD RATIO$. CH'Ar!E Dl'SI0?"S FGP mr!QE T;-% ROO

lo0: C SEGMENTS 0R 100 FLAP CHORD NeaTTOS.

12: $1 )*070X(ROO), E001), LETA( 10) PW (SO I ,Z(OI HT Pe A(OIS

13: SN(8O1),SF(ROl),SL(ROt ),X(8fl1,YN(8fl1),2(l1) ,ZN(PMOI)
14: C INPUT E(NA) OF AIRFOIL CA.rAEPLTNES TM PE A'uAt YZEn
15:. READC7#*PNA
162 C M*!h CONTROL LOOP
17: DO 16 XZ1,NA
18: C INPUT 0 Of SEGP.ENYS(M)o AIRFOIL N(PACAODI, CwOPO LFjCGTw(XC)
19: READC7p,)NNACA'aO,YC
20t C 9 OF POINTS (NPTS), CAMSER(m) , P-PAX CamPEP LOCITICI:!P)
21: NPTS:=J~I
22: C GET CAMBER FROM NACA40 0
?2 m=NACA40/1000.
24: MmAINT(M)
25: M2.01 M
26:. C GET MAY CAMBER LOCATI('N FROM tjACAUW% 0

27: P=N4ACAO/l0.
28: P=AINT(P)

30: C POINTCAIP) (iF OAX CAMAER
31:0 NP:CP.Ai)+1
32: C X CO0PflNFvITCDX) OF EVEQY SFGMff1!I
33t Ox~xCi'N
34: C NJACA 4 DIGIT AIRFOILS CONSIST nF 2 PAPARflLTC AOCS TANGFNT AT oAX
3 5: C CAMBER POINT, 00 LOOP I COMUTFS t*P TC KS' 31a I A~C .srILF '
36: C LOOP 2 COMPUTES FRt:. n.P TO TOATLT;;( E;)GE F#i'T'PVS 2"~
37: C ARC. CnORDINATE SYSTEm HAS LEAPP!IG FIGE PCflI,!T 4T OPIGPN Akr' NOTS

38: C ONa X AYIS AT XC FRI"' CRZGIIN.
39:, n0 I JZ.INP
40: C COORD1WATE(X(Jj) Or POINT ONM x awIS. X(pw(j)) X(.j) !S nF Xr.
411 xCj)v(j-I)aflX
42: PX(JxwK(J)/XC
83S ZFCP.GTO,)Tb4EJV
44. C FOR CAMBERED AIRFOIL, ARC rCiTIlt FT'rS IFIGpT(?Cj)) flFA
'is* C POINT ON CAN"RERLIr.E TV %(P7(J)) Or xC.
46: ZJ:*(.PP()-P('*? P.~
47: ELSE
81 C 3YvwFTRICA. AIPFnIL.HfT-G"T 01: CAPFJ.Ljft. IS A.
49: PZ(Jlu0,
sot EnO IF
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3 NOV 8? 20:19300 NARRIS FOPTRAJ 77 SAL, OPT~i-TZTN, CO"PTIER 004O
MODULE "1AME;, FLAP

5i: Z(J)=XCOPZ(J)

52: C VISTAN~CE(SL(J)lFqfl POINT I TCO POIN'T J.

54: C ADNGLF(SAWJ) .orTH X AXIS OF I INJE FROU POTZ.T I TO) PrnpJ j
55: C SA IN RADIA~zS
56: C CS~ANGF IN Z(D?(J)) FROM POINT TO PnrNT
57: IF(J.EQ.1)THEN
58: C FRON~T CONDTONS
59* SA(J)=0.
60: DZeJ)=O.
61: ELSE
6?2* SACJ)ZATAtJ(Z(J)/X(J))
63:. OZ(J)=ZCJ)-Z(J-1)
64: END IF
65: C X(J) TRANSFORMATION% ANGLF(THFTA(J)) TIN RACIAP'S
66: THETACJ)ZACOStl.-(2.*X(J)/Xt))
67: 1 CONTIN~UE
6e: no 2 J=NP+I,N
69: X(J)&X(J-1)i+0X
70: PX(J)=XCJ)/XC
71: PZ(J):P'aC.-(2.*P)+(2.*P*Px(Y),-(PY(J)**2))/((1 .- P*2)
72: Z(J)2xcaPZCj)
73: OZ(J):Z(J)-Z(J-1)

74: THETA CJ)=ACOS(1.-(2.*Xtj),XC))

76: SACJ)=ATAN(CJ)/Y(J))
77: 2 CONTINUE
78: C REAR CO&DJTXO,S
79: X(NPTS):XC
go: THETA(NPTS)3.14159265
f1: 8LCAPTS)zYC
82: SACNPTS)20.
83: ZC(NPTS)=0.
84: OZCNPTS)zZCNPTS)-Z(N)
@ 5: C INITIALIZE ANGLE OF 7E90 LYFT(ALI) AND CI)EFFICTEkT OF mr~mEvT
66: C ABOUT AERODYNAWIC CENJTFA(CMAC)
87: ALOxO.
fla: CMAC=O.
119: C NUMERICAL SUNMmATION PknrCFss/IOOP FOR ALO AP-D CMAf
90: 00 3 12PA
91: C SLO)PFCCZDX(I)) OF FAC'l SFGmEN9lT
92: DZrnXCI):0ZCI+1),flX
93: C LENGTH(OS(l))OF FACt. SFC.mf&T

95: C IN.TERvECTATES 1P IC. AN' C*AAf7 FrlATI'i-.1
96: STI4USIA(T'.ET(TI )~1b.Ct94 VTA(?)
97: S2TI:S IN (2. *YHIT A ( 7 1 ) ) 1(. TuE 7A ( ))

99: CkACX (OZOX 1) (-STN4,CSPTH/?.))).eMAc
100: 3 CONTINVIE



3 NOV 82 20:19:00 I1AR97S FO~iQAN 77 SAU OPTIPZ1tC CPMPTLFR 01ddIL-on
P'0DULE NAME: FLAP

101: C FINAL £10 IN DEGREES
102: A L0C-ALO/3. I A159265)*(180./3. 14159265)
103t C FINAL CMA.C
104: CMACZCMAC/2.
105t C OUTPUJT WITHOdUT FLAP DEFLECTION
106: POTNT(1)'
1071 PRTNT'(N0",33X,"ALPHA(LO) FOUALS -,FI0.7, . CMAC EnUALS "

108: 5 F I0.7p ".' ) ' ALO'C?0AC
109: PRTNTI(38x.n FIXED FLAP CHORD PATTInS")'
I10: PRTNTI(38XrN VARYING FLAP OEFLECTIPNSO)'
III: C L DIMENSION VARIABLE, LE Z 00P COITEP TG CwA'GE CLAP CHopr
112: C RATIO E.
113: 1=O
114: D0 13 LE=0,100
115: 1:1*1
116: ECL)=.01.LE
11: C NE =HINGE POINT, NFS 0 OF FLAP SEG,'FN~TS.
it8: NE:NPTS-((LE*N4/1O0)
119: NFS=NPTS-NE
120: DO 6 I=1.NFS
121: C DXT m PROJECTIO)N OF I FLAP SEG-ENTS.-
122: C OZT a Z PROJECTION OF I FLAP SEGMENTS.
123:. DXT=T*DX
t24! OZTv0.
125: 00 5 JI.Il
126: DZTzDZCJ+NE)tOZT
127: 5 CONTINUE
128: C SF a 1ST FROM WINCE POINT TO A FLAP Pt'INT, A FLAP LINE.
129: C AF ANGLE WTTH Z LETS SF MAKES.
130: SF(I)=SQ9T(CflXT**2)t(DZT**2))
131: AF(I)x1.S707963,ASIN(DZT/SF(T))
132: 6 CONTINUE
133: C XE = FLAP CHORD) LENGTH X PROJECTION. FC zFLAP C'wOqD LENGTH.
134: XEsE(L)*XC
135: FC=SORT(CXE**2)t(CNEJ**2))
136: C NFS z END POINT CL1NDITIOViSF WE 2 1 MEANS ENTYRF AIQFflIL IS
137: C A FLAP# NE a IdRTS MEAhES THE AIRFIL MAS*NO FLAP.
138: SF(NFS)zFC
139: IFCNE.EQ.1)THEN
140: AF(NFS)21.57fl7q63
141: ELSE IF(NE.E4.%JPTS)THEN
142: AF(NFS)zt.S?079ft3
141 ELSE
144: AF(NFS)u1.S7fi7963-ATAN(Z('NE)/XF)
145: END IF
146: C SETUP OUTPUT IARLE.
147: PRINT$(-0,20X,-FOR A FLAP CM()RD QATTO OF .#Fb.3
118: s " THE FLAP DEFLCS 4RO11T P-IlkT-,Ia.
1491 3 ANI) GIVES THI! FOLL)*'N4G Q)A'h:)'E(L)tk.E
150: PRINT' (22X,"ETA,2X."ALPA(LI))",UX#rAC".3X,
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3 Nov 82 20:19:00 .AR61S FORTRAN 77 SAl) .)IMZTI OMPILER 0I114-0f

MODULE NAAME: FLAP

Isis S a0EL(ALPHACLO)1/E7A,12XIwDFL(CMAC)/ETAN)k
152: LLO
153:- Do 12 JJi.#10
154% LLLL't
ISIS: C LL = DT4ENS~ftN VAR1A'RLE, JJ zLIMOP CON'TIOL FOR a.,'.fu"'T OF F.LAP
156: C )EFLECTION. LETA' = DEFLECTION'~ TN DEGQEFS, ETA = AOIAJS.

1571 LETA(LL)=JJl
i5$: ETA=LETA(Ll.)*3.:al5q6%/1 l.

1 59q- C GE11METRY F1I4OS (JEW C'nOQ)V ATFS FflR FLAPPFD AIRFOIL.

160: C AETAEE4 FLAP CHORDO Apio x axis# X1 DO)JECTIO-. ON4TO I AXIS

161:. C AFN zNEW AMqLF A FLAP LIN~E vA'(ES wIT' Z Axis, A3 = 44LE

162:. C OF FLAP CHORD ABOVE Y AXIS. FCI LE'JGTti CF 'L'kP CNO0I)

1631 C ABOVE X AXIS. FC2 = LENGTH OF FLAP C40RD tvFLO'O X Avis,

1641 AFNCNFS)=AFCNFS)-ETA
165: AI:1.5707963-AFN(NFS)
1b66: XIZCNE)/TANCA3)
167:. FCl=SORT((X1*.2)+(?UNE)**2))
168:, FC2FC-FCI
169: C Z2 a PROJECTION OlNTO Z AXIS eF FLAP CHfl') AELO" X WjS.

170: 22:FC2*31N(A3)
171: C X2 cPROJECTTON ONTO X AXIS IF FLAP C~nRfl 1ELUI4 X AXIS

172:, 12=Z2/TAN(A3)
173: C X3 =PRnJErTI0IM OF 'iEW CHORD LINE. Gmro X AXIS. XCN =LENGTH

174% C OF NEW CHORD LINE AFTER DEFLECTION. A4 = ANGLE BFIWEFN NIF.-

1TS? C CHORD LINJE A#40 K AXIS.
17b: X3zXtX2+X(NE)
177: XCN=SQRT((X3**2)+CZ2**?))
17A: Aa=ATAN(CZ2/X3)
179: C COMPUTE NEW COfljflINATES ANI) ANGLES WITWTFlF N',, CIr'RD LINE
1RO: C REIIJG THF N~EW X AXIS. LOOP 7*TAXES CARF OlF PnOPJTS VIP Tn

161: C HNAGE POTNTR AND 0 DO PPIN~TS FR-lm MINCtE PT TO Et.:) PONT

182% 00 7 J:1.NE
183: IF (J. EO.i) THFf!.
1840: SAN(J)zO.

I AS: ZJV(1)20.

387: ELSE

189': lX(J)=SL(J)*CoS(SANl(J))
190% ~JuLJRN.A()

192: DZNZZN(Jj-ki!J-3)
193:. OZOXCJ-l)zoZN/X:
194:- END if

195: 7 CONT INUE
01 00 a J:1,NFS

012 AFNCJ)cAFCJ)+Aa-F7A
1963 XNCJ+NE)inXR(NE.1(SFCJ)*ST'ICAFJ(j)))

1992 zNJ.E):ZN(Nr)-(Cns(AFJ).SV(J))
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3 NOV 82 20:19:00 HjARRIS FOP7RAN 77 SAU OPT]-:lZ'!.G roIAPILF4 01414a-00
MODLE PAM'E: FLAP

201: XN(NPTS)=XCN
202% ZNCAPTS)=O.
203: rO 9 JNE+1,NPTS
204: nXkZN(J)-XN(J-fl
20s: DZ~vN(Jl-ZN(J-1)
206: rZoxCJ-fllZN/~rx
2071 9 CONTINUE
208: C N~e TRANSFORMLATTCMV ANGI.ES.
209:. 00 10 J=1,p
210: THETA (J)XACOS (I .- (?.*X$" (1)/XCN))

211: 10 CONTINUI.E

213: CPMAC2=O.
214: TMETA(NPTS)3.lm1592h5
215: C NEW~ ALO AND CMAC.

217: STHzS1N(THVTA(Tt1))-SIN(THFTA(I))
218% S2TIHtSTN2.*TH4ETAC1tI))-SIN(P.*THETA(I'I)
219: AL02*(DZOX(X)*(STHT4ETA(I)-THETA(1t1)))-ALO2
220: CIAACP=(OZOX( I)*(-ST14+(S2TM/2.) ))*CPMhC2
221: It CtJITINUE
222: C ACCOUNT FOR NEW £10 PETNr, C~~lF Im fIFFEIWE%T COORDINATE
223:. C SYSTEM AND CDNvFRT Tfl iEGOEE$.
224t. AL2C(-AL2/3.052S)A).(80./3.1c159?65)
225: cpqACaccmAC2/z.
226: C FIND CHAN1GE IN ALO/FLAP DEFLFCTInN FOR E.
227:*O IEL(LLL)s(AL02-ALO) /LETA (LL)
228:* C FINDO CHAN4GE IN CPAAC/FLAP OFFLECTION FOR E.
229:. bE12(L.LL )s(rMAC2-C"AC)/E7A
230: C UPRIT2,?3,Q4xF.0n..a1YF.',FAL)
231: C OUTPT*(2 ,1 X 94 x ? ,fx 9 i X 9 1L LL
232: S ALfl2, CMAC2 DFLI (L LL) o E12 (L,LL)
233: 12 CONTINUE
234:- 13 CONTINUE
235: C OUTPUT IN A DIFFERFNT FORm.
236: PRINTI(P")'
237: PRITI.(3qg~w FIXfD FLAP tOEFLFC1InNw)f
238: PRrNT'C38X,* VARYING FLAP-Cm.ORD RATIO")'
239: DO 15 Tjv1LL -
240 PRINTCO"0)l
241:. PRINTI(M2xNFOR A FLAP DFI.ECTT0O' (llsfEvE~:),EA
242: PPTNjTU(22XatE(FLAP-CHnl~n RATI)*,?X,*0EL ALP~qA(LC/FlAv3Xv
243: s *Of- CMAC/ETAO)l
244: 00 14 JaIL
205: PRINT (3aX,F5.3,141,Fb.3,12X.F5.3)',,FcJT).OLl C,T) 1rEL2(J.1)
216: 14 CONJTINUE

217: 15 COTIUE

209: ENO
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Appendix C

Model Geometry

The side plates were two and one-half feet square with

each corner rounded to an arc with a four inch radius. The

rear lift bar dimensions were 1.15 inches in chord length

and .5 inches in thickness, see Fig. 7. See Abbott and Von

Doenhoff (Ref 5:113,114, and 414) for cross section dimen-

sions of the NACA 4412 airfoil.

Table II gives the airfoil measurements needed to

compute Cis and Cmacs for each model.

TABLE II

Airfoil measurements

Model Chord length Wing span Distance from trunnion
E (inches) (feet) screw to leading edge

of airfoil (inches)

.2 8.9 1.992 .3

.3 8.9 1.992 .31

.4 8.88 1.992 .31

.5 8.88 1.987 .33

.6 8.89 1.992 .3

.7 8.88 1.99 .3

.8 8.9 1.99 .3

The model's angle of attack was set by moving the rear

lift wire forward or backward and increasing or decreasing

the length of the rear wire from the scale to the rear lift
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bar attachment fitting. The angle of balance in Fig. 13 de-

termined the distance forward or backward the rear lift wire

had to move for a specific angle of attack while the shorten-

ing or lengthening of the wire was determined during calibra-

tion. Table III gives the balance angles and model measure-

ments, shown in Fig. 13, that determined them. Table III

shows that the balance angles and model measurements varied

barely at all. For that reason, the first model tested with

E = .4 determined the angle of balance, and therefore the

distances the rear lift wire moved, for the entire investiga-

tion.

TABLE III

Balance angles and associated measurements

Model Distances in Fig. 13 Balance angle
E (inches)(degrees)

e f g=e

.2 15.737 9.545 18.405 31.238

.3 15.776 9.637 18.487 31.419

.4 15.71 9.516 18.367 31.204

.5 15.726 9.577 18.413 31.341

.6 15.684 9.599 18.388 31.468

.7 15.737 9.572 18.419 31.31

.8 15.741 9.694 18.487 31.627

The distances the rear wire moved are given in Table IV.

The distance and direction of movement for a specific angle

of attack in Table IV was determined by calculating a new

balance angle for each angle of attack. The new balance

45
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LI "-

I Lbalance
angle

Fig. 13 Balance angle and associated measurements.

e was the horizontal distance and f was the
vertical distance from the front trunnion
to rear lift wire attachment fitting with

angle gave a new distance, e in Fig. 13, to the rear fitting

from the front trunnion. The difference between the distance

e at 0* angle of attack and e at a specific angle of attack

gave the distance and direction the rear lift wire was moved.

These distances were put on a bar graph and used to set the

rear lift wire from the wind-tunnel operator's station during

testing that required changing the angle of attack. As stated

previously the distances of movement in Table IV were used

for the entire investigation and came from the model with E

.4. The same distances were calculated for all the models
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and for all practical purposes do not vary. For example, the

model with E = .8 gave a maximum difference from the distances

in Table IV at the angle of attack of 10* and amounted to only

-.031 inches.

TABLE IV

Rear lift wire movement

Angle Horizontal Rear lift wire movement
of Balance angle distance e + towards airfoil

attack (in degrees) (inches) - away from airfoil
(degrees) (inches)

0 31.204 15.71 0

-6 37.204 14.629 1.081

-4 35.204 15.008 .703

-2 33.204 15.368 .342

2 29.204 16.013 -.323

4 27.204 16.336 -.626

6 25.204 16.619 -.909

8 23.204 16.882 -1.172

10 21.204 17.124 -1.414
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Appendix D

Flap Deflection Settings

Flap deflections were accomplished by aligning one of the

holes (1-7) of the brass plate/flap deflection mechanism in

Fig. 6 with one of the holes in the side plate in Fig. 14.

Each set of vertical holes were used with a particular model

as shown in Fig. 8. Additionally, each set was drilled in a

circular arc about the flap-hinge point of the particular

model the set was used with. This allowed each hole of a set

to be spaced at 60 intervals. The holes (1-7) of the brass

plate were drilled in a circular arc about the hinge point A,

see Fig. 6, of the brass plate but were separated by 5° in-

stead of 6*. The differences in the increment between holes

in the brass plate, 5*, and a set of vertical holes in the

side plate, 60, allowed flap deflections of 00 to 200 either

up or down. By numbering each set of vertical holes as shown

in Fig. 14 and using the numbering system in Fig. 6 for the

holes in the brass plate, Table V was developed to give the

flap deflection for particular combinations/alignments of

holes in the brass and side plates. Take for example the flap

deflection shown in Fig. 14. The set of vertical holes being

used tells you that the particular model had a flap-hinge

location (E) of .4. The side plate hole number used was 6 and

the hole number for the brass plate was 5. For no deflection

at all, both numbers must be 4. So, if the brass plate hole

number 4 was aligned and set with hole number 6 of the side
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plate, the deflection would be 120 downward since the side

plate holes were spaced at 60. But, since the brass plate

hole was 5, that had the effect of bringing the flap back

upward by 50 to give a flap deflection of 7* downward. The

thinking process in the above example can be accomplished to

arrive at each of the flap deflections in Table V.

E = .8.7 .6 .5.4 .3 .2

1
2
3
4
5
6
7

Fig. 14 Side view of flap deflection mechanism in
operation. The number above each set of
7 vertical holes designates the model's
flap-hinge location used with that set of
holes. The vertical numbering system
designates the side plate hole numbers.
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TABLE V

Hole alignments for flap deflection

Hole alignment
Flap setting

(degrees) Brass plate Side plate
hole I hole I
(Fig.6) (Fig.14)

0 4 4

1 5 5

2 6 6

3 7 7

4 2 3

5 3 4

6 4 5

7 5 6

8 6 7

9 1 3

10 2 4

11 3 5

12 4 6

13 5 7

15 1 4

16 2 5

17 3 6

18 4 7

-1 3 3

-2 2 2

Note: ±14* flap setting can not be acheived.
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Appendix E

Tuft Studies

Tuft studies were accomplished by placing nylon strings

on the upper surface of the airfoil, see Fig. 15. Table VI

gives the results of the studies by indicating the combina-

tion of flap setting and angle of attack at which separation

was first noticed. Figures 16 through 21 determined the data

for model with E = .8 in Table VI. The figures were obtain-

ed by taking pictures through a window on top of the wind

tunnel.

TABLE VI

Angles of separation from tuft studies

Model Angle of attack Separation
flap-chord fixed at 0°  angle of attack

ratio for flap fixed at()Separation- -

(E) flap angle 00 4* 8°

.2 130 100 80 80

.4 110 - 100 60

.5 120 100 80 60

.6 100 100 80 60

.8 150 100 80 60

51



Fig. 15 Tufts being applied to model with E .8.

Fig. 16 8* angle of attack and 0* flap deflection.
Use this figure for comparison purposes
since there was no separation.
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Fig. 17 8' angle of attack and 80 flap deflection.
Use this figure for comparison purposes
since the flow was well separated.

I

Fig. 18 100 angle of attack and 0° flap deflection.
Note lower tufts turned slightly towards
side plates indicating very slight separation.

Fig. 19 80 angle of attack and 4 flap deflection.
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Fig. 20 6' angle of attack and 8° flap deflection.

Fig. 21 0' angle of attack and 150 flap deflection.
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Appendix F

Raw Tunnel Data

The following tables contain the data taken directly from

the wind-tunnel tapes for all seven models. The tables for a

particular model are indexed into three parts with part a

containing the front lift data, part b the rear lift data,

and part c the drag data. The drag tables contain the tem-

peratures in degrees Fahrenheit and the pressures in inches

of mercury that occurred during the testing of each model.

Angles of attack (a) and flap deflections (n) are in degrees

while the forces and wind-on/static readings are in pounds.

The force column in each table was computed by subtracting

the wind-on average from the static average. The forces

were used as explained in Appendix G to calculate the exper-

imental data points.
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Appendix G

Data Reduction Calculations

This appendix explains in detail and by example how the

experimental data in Appendix F was reduced to obtain the

experimental points for the plots of experiment versus theory

for the change in zero-lift angle of attack divided by flap

deflection (AaLO/n) versus flap-chord ratio (E) and the change

in moment coefficient about the aerodynamic center divided by

flap deflection (ACmac/n) versus E, Figs. 22 thru 28 in

Appendix H. The model used as the example is E = .7. The re-

duction process for the Aa LO/n versus E experimental points

will be described first.

The total lift generated by the model at a particular

angle of attack and flap setting was obtained by adding the

lift force from the raw front lift data to the lift force from

the raw rear lift data. The lift was then divided by the

dynamic pressure times the wing span times the chord length

(qbc) to produce the lift coefficient, C£. The dynamic pres-

sure was converted from 3 inches of water to lbs/ft2 by

finding the weight of one cubic foot of water at the testing

temp, dividing by 12 to give the weight of one inch of water

on one square foot, and then multiplying by 3 to give the

pressure of 3 inches of water in lbs/ft 2. At this point, Ct

should have been corrected for any errors induced by the wind

tunnel. However, the corrections from Pope (Ref 6:305-318)
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for the two dimensional wind tunnel were so small that they

were considered negligible for these models. C1 was then

plotted versus its angle of attack for a particular flap de-

flection. This process was accomplished for the three flap

settings of 00, 40, and 80 at angles of attack -6, -44, -2,

00, 20, 40, 60, 80, and 100. This gave three plots for C9

versus a for a model with a particular E. Each plot had an

angle of zero-lift and by subtracting them appropriately the

changes in the angle of zero-lift (AaLO) were found. Divid-

ing the AaLOS by the appropriate change in flap deflection

then gave three AaLO/n experimental points for a model with

a particular E. Table XIV gives the numerical values for L,

qbc, and C£ for the model with E = .7. Figures 22a through

28b give the values for aLO for all seven models.

ACmac/h versus E experimental points were obtained in a

manner similar to AaLO/n versus E points. The calculations

about to be presented were initially done with an assumed

aerodynamic center of .25c. This resulted in a positive re-

suit for ACmac/n for E - .7 and was the first indication that

the data was biased in some manner. Calculations for the

aerodynamic center from the data at 00 flap deflection gave

an Xac location of approximately 4 inches which was not poss-

ible for the 9 inch 4412 airfoil. In fact, for the low

Reynolds number of the airfoil in this experiment, it was more

likely that the aerodynamic center was in front of the quarter

chord. Since no reliable data for the Reynolds number of

approx 5xl0 s could be found, an assumed location of .245c was
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TABLE XIV

Ca:lculations -for Model with E =.7

Moment MomentToa
Flap Anle Toa From From Moment Csac

Setting of Lift qbc L Front Rear Mc qbca MC9)Attack L (iba) Lift Lift Ma+c (bs in) (Ucj
(a CbS (lbs in)(2
______ _____ _____(lbs in) (lbs in) (b n

- 222 1

0-913 222

0 ____ ________ 14.53_____ 22____925_

0 0; q~rj2 22,99



made from trends of the aerodynamic center location in Abbott

and Doenhoff (Ref 5:489). The calculations were then repeated

with .245c. The forces for the moment were the rear lift and

front lift with the front lift producing a positive moment and

the rear lift producing a negative moment when the rear lift

was positive. The moment arm for the front lift was found by

taking .245c of the chord length plus the distance from the

trunnion screw to the model, 2.476 inches for E = .7. The rear

moment arm was found by subtracting the front lift moment arm

from the horizontal distance e as given in Table III, thus the

rear lift moment arm for the E = .7 model was 13.261 inches.

After finding the moment for a particular flap setting at 0=

angle of attack, it was then divided by qbc' to give Cmac.

Table XIV gives the calculations for Cmac with E = .7. This

value of Cmac was then plotted against the value of the flap

deflection it was computed for. By doing this for flap de-

flections from 00 to 13* at an angle of attack of 00, the

Cmac versus n figures in Appendix H were obtained. The

experimental ACmac/n points for a particular E was then found

by measuring the slope of the corresponding Cmac versus n

figure.
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Appendix H

Experimental Data Plots

This Appendix contains the experimental plots of the lift

coefficient versus angle of attack and the moment coefficient

about the aerodynamic center versus flap deflection for all

seven models. The plots were used to determine the change in

zero-lift angle of attack divided by flap deflection versus

flap-chord ratio and the change in the moment coefficient

about the aerodynamic center divided by flap deflection versus

flap-chord ratio. The points for the plots came from reducing

the experimental data in Appendix F with the method of reduct-

ion described in Appendix G.

C
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